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ABSTRACT
For the simplest inflation models, the recent detection of a large primordial B-mode polar-
ization signal by the BICEP2 experiment indicates a slight tension with the upper limit on
the tensor-to-scalar ratio, r, from the Planck satellite. Here, we discuss spatially varying r as
a possible explanation for this discrepancy. This idea seems attractive since it may also ex-
plain part of the hemispherical temperature power asymmetry seen by WMAP and Planck at
large angular scales. If these two aspects are indeed connected, the model suggests that in the
Northern hemisphere r should be much smaller, a hypothesis that could be confirmed with
future B-mode experiments, providing a test for the stationarity of primordial tensor contri-
butions across the sky. The BICEP2 measurement furthermore rules out that a simple dipolar
modulation of r alone can be responsible for the full hemispherical power asymmetry.
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1 INTRODUCTION
The detection of large primordial B-modes by the BI-
CEP2 experiment, with a tensor-to-scalar ratio r = 0.2+0.07
−0.05
(BICEP2 Collaboration et al. 2014), has excited the cosmology
community for the past month. Not only does this large value
for r suggest that sub-orbital B-mode experiments like SPI-
DER (Crill et al. 2008), CLASS (Eimer et al. 2012), Polarbear
(Kermish et al. 2012), SPTpol (McMahon et al. 2009) and ACTpol
(Niemack et al. 2010) should be able to characterize the B-mode
power spectrum to high precision over the next few years, but it
also points towards a slight tension with the upper limit r < 0.11
(95% c.l.) deduced from measurements of the temperature power
spectrum by the Planck team (Planck Collaboration et al. 2013a).
One simple extension that restores the consistency between these
measurements is to allow for a small negative running of the scalar
spectrum, pushing us into the regime of non-standard inflation
scenarios, since the simplest slow-roll models predict negligible
running.
These recent findings have spurred much discussion.
Could the large B-modes be due to foregrounds or some un-
accounted temperature-polarization leakage (Liu et al. 2014)?
Is the tensor power spectrum blue-tilted (Brandenberger et al.
2014; Gerbino et al. 2014; Biswas et al. 2014)? Do the BI-
CEP2 results require non-standard inflation scenarios or
more general early-universe models (Harigaya & Yanagida
2014; Nakayama & Takahashi 2014; Contaldi et al. 2014;
⋆ E-mail: jchluba@pha.jhu.edu
Abazajian et al. 2014; Miranda et al. 2014; McDonald 2014;
Scott & Frolop 2014)? Should we worry about large-field excur-
sions (Kehagias & Riotto 2014; Choudhury & Mazumdar 2014;
Lyth 2014) violating the Lyth bound? Maybe primordial magnetic
fields rather than gravity waves generate the B-mode signal
(Bonvin et al. 2014)? Is a sterile neutrino the culprit (Zhang et al.
2014; Dvorkin et al. 2014)? What about topological defects
(Lizarraga et al. 2014; Moss & Pogosian 2014)? Clearly, more
data are needed to refine the polarized foreground model and
further tighten the constraints on the B-modes, answering these
questions, and the community is eagerly awaiting the next round
of results from Planck, SPTpol and the Keck array.
In this paper, we suggest yet another possible explanation for
the large value of r found by BICEP2 that is also consistent with
the all-sky upper limit from Planck. The idea is motivated by the
fact that the BICEP2 footprint is about 60 degrees away from the
maximum of the hemispherical power asymmetry (Eriksen et al.
2004; Bennett et al. 2011; Planck Collaboration et al. 2013b;
Aslanyan & Easther 2013; Akrami et al. 2014). As suggested by
Dai et al. (2013), a spatial variation of r could provide one viable
explanation for at least part of the temperature power asymmetry
and its scale dependence (Hirata 2009; Flender & Hotchkiss 2013).
This could, e.g., be caused by an exotic super-horizon tensor mode
(Akbar Abolhasani et al. 2013), a modulated preheating scenario
(Bethke et al. 2013), dissipative processes (D’Amico et al. 2013),
or more generally in multi-field inflation models that possibly in-
dependently generate scalar and tensor perturbations.
One expectation is that a detection of primordial B-modes will
be easier in the Southern hemisphere since there the value for r lies
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above the average. This also suggests that in the Northern hemi-
sphere the tensor contribution should be much smaller. In the fu-
ture, this hypothesis could be tested by future B-mode experiments
with sufficient sky-coverage, providing a check for the stationarity
of the tensor contribution across the sky, even probing cases beyond
a simple dipolar power asymmetry.
2 LINKING THE POWER ASYMMETRY TO SPATIALLY
VARYING TENSOR MODES
The hemispherical asymmetry is consistent with a dipolar mod-
ulation of an otherwise statistically isotropic cosmic microwave
background (CMB) sky (Prunet et al. 2005; Gordon et al. 2005;
Gordon 2007), where the best-fitting dipole in galactic coordi-
nates has a direction (l, b) ≈ (227,−27)◦ and amplitude (in terms
of r.m.s. temperature fluctuations on large angular scales, multi-
poles ℓ . 64) of A = 0.072 ± 0.022 (Planck Collaboration et al.
2013b). Explicitly, the CMB temperature fluctuation in a direc-
tion nˆ can be written as ∆T (nˆ) = ∆Tiso(nˆ)[1 + A nˆ · pˆ] in this
case, where ∆Tiso(nˆ) denotes the temperature fluctuation for a sta-
tistically isotropic sky and pˆ defines the dipole axis. Then A can
be defined as A ≃ (1/2)[∑ℓmax
ℓ=2 (2ℓ + 1)∆CT Tℓ /CT Tℓ ]/
∑ℓmax
ℓ=2 (2ℓ + 1),
where ∆CT T
ℓ
/CT T
ℓ
is the fractional correction to the CMB tempera-
ture power spectrum with respect to the sky average (see Dai et al.
2013, for more details).
In galactic coordinates, the central region of the BICEP2
footprint lies at (l, b) ≃ (310,−59)◦, which is roughly 60◦ away
from the power maximum. Assuming that r varies spatially as
r(θ) = r0 + ∆r cos θ, with θ defining the angle relative to the
maximum of the hemispherical power asymmetry, this suggests
rBICEP ≈ r0 + ∆r/2. Assuming r0 ≃ ∆r ≃ 0.11 one thus finds
rBICEP ≈ 0.17, consistent with the BICEP2 result. This model by
construction is also consistent with the Planck all-sky constraint.
It furthermore suggest that in the direction (l, b) ≈ (227,−27)◦ the
contribution of tensor modes is close to rmax ≈ 0.22, while in the
opposite direction rmin ≈ 0, a hypothesis that can be checked by
future B-mode experiments. For this it will be important to dis-
tribute the measurements in both hemispheres, sampling a suffi-
cient fraction of the whole sky, and also by combining different ex-
periments. In the near future, this question could potentially be ad-
dressed by CLASS and SPIDER, which independently cover large
parts of the CMB sky. Looking farther ahead, a CMB polarization
measurement from space using PIXIE (Kogut et al. 2011), LiteBird
(Hazumi et al. 2012) or a mission similar to PRISM (Andre´ et al.
2014) could also allow testing this scenario.
In Fig. 1, we show the temperature and polarization power
spectra at large angular scales (ℓ . 100). For the T T and EE power
spectra the relative differences with respect to the sky average are
shown, while for BB we show the power spectrum directly. Using
rmax ≈ 0.22 and rmin ≈ 0, at ℓ . 64 we find an overall power asym-
metry amplitude of A ≃ 0.016, which explains part of the power
asymmetry found by the Planck team (Planck Collaboration et al.
2013b). To explain the full power asymmetry, one requires r0 ≃
∆r ≃ 0.65 (Dai et al. 2013), which is already in strong tension
with the all-sky average from Planck. It would furthermore predict
rBICEP ≃ 0.94, which is ruled out by the BICEP2 measurement at
more than 10σ. We note that r0 ≃ ∆r maximizes the overall tensor
modulation, while more generally 0 < ∆r < r0 gives models with
r > 0. A model with r0 ≃ ∆r ≃ 0.2 furthermore is consistent with
the 1σ upper limit of BICEP, rBICEP ≃ 0.27, but in this case the
tension with the full sky limit from Planck is not avoided. Still, this
possibility could be constrained by future B-mode experiments.
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Figure 1. Relative changes in the TT and EE power spectra caused by the
spatial variation of r (upper two panels) with respect to the all-sky average
with r ≃ 0.11. The lower panel directly shows the BB power spectrum for
r = 0, 0.11 and 0.22. If a dipolar modulation of r is present, measurements
of the EE and BB power spectra will add additional direct information.
The curves were obtained using CAMB (Lewis et al. 2000) for the Planck
cosmology (Planck Collaboration et al. 2013a).
While an explanation for the spatial variation of the tensor-to-
scalar ratio points towards non-standard early-universe scenarios,
the suggested model links two independent phenomena, providing
a simple way to exclude this hypothesis. It is furthermore clear
that a simple dipolar scaling of the power modulation might not
be sufficient (Planck Collaboration et al. 2013b), or that even com-
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binations of spatially varying cosmological parameters might be at
work. These aspects require more data and careful statistical tests
which are beyond the scope of this paper. Measurements of the EE
and BB power spectra as well as the T E, T B and EB power spectra
would shed additional light on the underlying physical mechanism,
allowing us to rule out different possibilities. In particular, the extra
information could be used to increase the significance of a detec-
tion and push below the T T cosmic variance limit if indeed r is
varying spatially at the level discussed here. Finally, even if spa-
tially varying r can only explain part of the hemispherical power
asymmetry, it could render the scalar contribution to the anomaly
less significant, dropping it below the 2σ level.
3 CONCLUSION
We are entering a new era of CMB cosmology, with searches for
B-modes turning into precise measurements. It is thus important
to think about physical scenarios that can be tested with future
polarization measurements, taking the clues given by the current
data seriously. Here, we discussed the idea of a spatially varying
tensor-to-scalar ratio connecting the recent BICEP2 result and the
hemispherical power asymmetry. While this possibility requires a
non-standard early-universe scenario, the model makes predictions
that can be tested with future B-mode experiments which cover a
large fraction of the sky. We argued that a spatial variation of r,
while consistent with the current Planck full-sky limit as well as
the BICEP2 result, cannot fully account for the amplitude of the
hemispherical asymmetry. In fact, variations of r as a full descrip-
tion of the asymmetry can be ruled out at more than 10σ.
However, a simple dipolar modulation of r and even more
complicated spatial dependencies are consistent with current mea-
surements, and could still account for some portion of the hemi-
spherical asymmetry. If it is present, the contribution from tensor
fluctuations to the CMB polarization signal should be much smaller
in the Northern hemisphere, pushing it close to r ≃ 0 in the extreme
case, while suggesting a value for r that is slightly larger than for
BICEP2 towards the direction of the hemispherical power asymme-
try maximum, (l, b) ≈ (227,−27)◦. This would inevitably point us
beyond the standard inflation scenario, providing a direct link for
one of the CMB temperature anomalies with an underlying physi-
cal process, a possibility that should be further explored.
Future work will investigate the possible connection between
this and other temperature anomalies, such as the quadrupole
and octopole alignments (de Oliveira-Costa et al. 2004; Copi et al.
2004; Schwarz et al. 2004). This is motivated by the fact that tensor
modes also contribute to the temperature power spectrum at multi-
poles ℓ . 100. It is furthermore important that spatial variations of
tensor fluctuations are not constrained by large-scale structure sur-
veys so that B-mode measurements can provide unique insights in
this direction. Also, even if a spatial variation of r can only explain
part of the hemispherical power asymmetry, it could decrease the
scalar contribution to the anomaly below the 2σ level.
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